Abstract Ice and mixed-phase cloud representation and simulation in global climate models are challenging with large uncertainties and biases. Sharing similar growth paths, no distinct separation exists in nature between cloud ice and snow. Different from conventional microphysics schemes separating cloud ice from snow, a single prognostic category is used to represent the whole spectrum of solid hydrometeors. Instead of using fixed physical properties for separate ice classes, e.g., the mass, area, and fall velocity, we consider the particle shape and riming impacts on ice properties. This approach simplifies several icerelated microphysical processes and eliminates the ambiguity and uncertainty associated with parameterizing cloud ice to snow conversion. The modifications were implemented in the MorrisonGettelman (MG08) scheme and tested in Community Atmosphere Model. Evaluation using single column simulations indicated that the new approach increased the ice water content (IWC) in high clouds during dry period, which is improved compared to available retrievals. Global atmospheric simulations using the new approach give an overall comparable mean climate with notable improvement in terms of clouds and their radiative forcing. Both longwave and shortwave cloud forcing are closer to observations due to more realistic IWC, liquid water content, and cloud top height. Furthermore, the new approach yields slightly better representation of mixed-phase clouds when a smaller capacitance for nonspherical particles is used in the ice depositional growth parameterization. Overall, the physically based single-ice approach is a promising direction for future GCM microphysics development given its simplified representation of microphysical processes and flexible description of ice particle properties.
Introduction
Realistic representation of microphysical processes is of vital importance to the performance of the general circulation models (GCMs) [Stephens, 2005] . By influencing the lifetime and spatial distribution of clouds, microphysical processes significantly influence radiative transfer [Anderson et al., 2010] and the energy budget of the earth system. By generating precipitation and latent heating, cloud microphysics substantially affects hydrological cycles and the thermodynamics of the atmosphere. Its impacts on the general circulation and cloud feedbacks have been identified as a grand challenge for the development of climate model. However, large uncertainties and biases associated with cloud microphysics still remain in GCMs [Waliser et al., 2009; Klein et al., 2013; Cesana et al., 2015] .
Microphysical parameterizations in GCMs have become more advanced and complicated with an increasing number of prognostic variables for the mass and number concentrations of various hydrometeors, partly for the consideration of aerosol indirect effects [Fowler et al., 1996; Lohmann et al., 1999; Lopez, 2002; Roeckner et al., 2003; Morrison and Gettelman, 2008; Gettelman et al., 2013] . Many GCMs treat precipitation diagnostically with simplified treatments of precipitation processes assuming a steady-state balance between microphysical source and sink terms and fallout within a time step [Ghan and Easter, 1992; Rasch and Kristj ansson, 1998; Morrison and Gettelman, 2008] . This is a reasonable justification for rain with the time step of 20-30 min used in current GCMs. However, a diagnostic approach for snow might introduce problems, especially for increased model resolutions, due to its small fall speed (1 m s 21 ). For example, previous studies horizontal advection of snow cannot be neglected if the sedimentation time (lifetime) is larger than the advection time, i.e., grid spacing divided by the horizontal wind speed. Recent studies suggested that the diagnostic approach for snow without considering advection may cause biases in the calculation of microphysical process rates [Wang et al., 2012; Gettelman et al., 2013] . A prognostic approach for snow could effectively alleviate the above problems especially in models with increasing resolution and smaller time steps. Recently, prognostic treatments for precipitation in GCMs have been proposed and tested [Fowler et al., 1996; Lopez, 2002; Posselt and Lohmann, 2008; Walter et al., 2014; Gettelman and Morrison, 2014] .
Despite decades of effort to improve the representation of microphysics, large uncertainties still remain in ice particle parameterizations because of the inherent complicated characteristics of ice microphysics and an incomplete understanding of ice properties and microphysical processes. Conventional microphysical schemes in mesoscale numerical models and GCMs generally partition ice-phase particles into a few predefined species, such as cloud ice, snow, graupel, and/or hail, with prescribed physical properties for density, shape, and fall speed [Lin et al. 1983; Ferrier, 1994; Morrison et al., 2005; Milbrandt and Yau 2005; Thompson et al. 2008; Salzmann et al., 2010; Forbes et al., 2011; Del Genio et al., 1996] . The model performance is highly sensitive to the setting of physical properties of these species. For example, changes in particle fall speeds and densities lead to significant differences in the simulated orographic precipitation [Lin and Colle 2009] and idealized bow echo simulation results [Adams-Selin et al., 2013] . Furthermore, partitioning ice into different species necessitates transferring number and mass mixing ratio among different species. For example, similar to cloud water autoconversion, ice to snow conversion is generally represented using some preset thresholds, either via a critical particle size or a mixing ratio threshold. Critical size thresholds within a wide range (100-500 mm) have been arbitrarily used in mesoscale weather models and GCMs [Dudhia, 1989; Hong et al., 2004; Milbrandt and Yau, 2005; Lim and Hong, 2010; Morrison and Gettelman, 2008; Thompson et al. 2008; Salzmann et al., 2010; Mansell et al. 2010] . Similarly, a critical mixing ratio of 1 g kg 21 was also used in other schemes [Lin et al., 1983; Rogers et al., 2001; . Meanwhile, these thresholds are also used as a tuning parameter in GCMs Eidhammer et al., 2014] .
Recent observational studies showed that there is no clear distinction between ice and snow physical properties, such as shape, density, and riming potential, because both share similar growth processes [Avila et al. 2009; Kuhn and Heymsfield, 2016] . This is different from cloud droplets and rain drops, which grow mainly via condensation and collision-coalescence, respectively. As a result, there is a natural size separation between cloud droplets and rain drops. In contrast, ice particle-size distributions generally have a continuous monomodal distribution with no distinct size separation between cloud ice and snow [Heymsfield and Platt, 1984; Hogan and Illingworth 2002; Field et al., 2004; Kuhn and Heymsfield, 2016] .
Furthermore, observations indicated that irregularly shaped ice particles were found in all size categories down to the size as small as the instrument limit (i.e., 20 mm) [Korolev and Isaac, 1999; Kuhn and Heymsfield, 2016] . Assuming small ice as spherical particles in current schemes is thus an oversimplification [Lin et al. 1983; Ferrier, 1994; Morrison et al., 2005; Milbrandt and Yau 2005b; Thompson et al. 2008, Morrison and Salzmann et al., 2010] . On the other hand, riming can occur for ice particles as small as 30 mm for different shapes of ice particles and there is no explicit cutoff size for the initialization of riming [Avila et al. 2009] . Considering the limitation of current instruments, the spherical and zero riming potential assumptions for small ice particles might not be as physical as previously thought. It is mostly a historical continuation, rather than physically based, to separate cloud ice and snow into two categories in conventional microphysics schemes.
Merging different ice species into one or two variables with varying properties has been proposed and tested. merged snow and graupel into one variable (named precipitating ice) using environmental condition-dependent physical properties in the WRF model. Morrison and Milbrandt [2015] developed a scheme using four prognostic variables for ice to predict particle properties in the WRF model. These schemes have been applied and tested in mesoscale models with promising results. Similarly, Eidhammer et al. [2017] used one category to represent all ice-phase particles in a climate model, in which mass-size (M-D) and projected area-size (A-D) relationships varied with particle size following two methods [Erfani and Mitchell, 2016; Morrison and Milbrandt, 2015] . Due to the size-dependent M-D and A-D relationships, a variety of lookup tables are needed for the integration over the particle-size distribution. In addition, the riming effect on physical properties of ice particle is neglected in Eidhammer et al. [2017] .
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In this study, we merge cloud ice and snow into one single prognostic variable, i.e., total ice. In addition, following , we incorporate the shape and riming impacts on ice particle properties via temperature and an environmental condition-dependent riming intensity (called single-ice hereafter, SI for short). These modifications are implemented and tested in the Community Atmosphere Model version 5.3 (CAM5). Detailed modifications are described in section 2. Comparisons with the default scheme in single column and global atmospheric simulations are illustrated in section 3 and 4. Conclusions are presented in section 5.
Description of the Approach
The modifications are based on the Morrison and Gettelman (MG08) microphysics scheme Gettelman et al., 2008] in CAM5, which is a double-moment scheme with prognostic mass and number of cloud water and cloud ice, with a diagnosed treatment of rain and snow ( Figure 1b) . Surface precipitation is calculated by vertical integration of precipitation (rain and snow) mass and number mixing ratios from top of the atmosphere to the surface [Ghan and Easter, 1992] . We develop our work based on MG08 because the diagnostic rain in MG08 is more efficient in climate models with current resolutions and time steps. Comparing our scheme with MG08 could directly show the influence of our modifications. Future work will compare SI results with Gettelman and Morrison [2014] scheme, which extended the MG08 scheme by including prognostic snow and rain. Other relevant processes and parameterizations, such as aerosol activation, ice nucleation, cloud macrophysics, and large-scale condensation [Park et al. 2014] , are identical in the new approach as in CAM5.
Single Ice Category
First, we combined cloud ice and snow into one category (called total ice hereafter), in order to represent the solid particles in a continuous way and eliminate the uncertainty in cloud ice autoconversion process. Consequently, eight microphysical processes (autoconversion of cloud ice to snow, accretion of cloud ice by snow, accretion of cloud water by snow, Bergeron process between cloud water and snow, melting of snow, fast freezing of rain, deposition, and sublimation of snow) are no longer needed or consolidated in this approach ( Figure 1a) . As a results, SI reduces the computational time by 12% in global simulation in section 4, because of the removal of diagnosed snow and its associated microphysical processes (Table 1) .
Diagnostic Physical Properties of Total Ice
Fixed physical properties for ice and snow are used in MG08 (Table 1) . For example, cloud ice and snow are assumed to be spherical particles with a bulk density of 500 and 250 kg m
23
, respectively. The threshold size for cloud ice to snow autoconversion, which controls the partitioning of cloud ice and snow and thus significantly influences the cloud radiative forcing [Eidhammer et al., 2014] , is 250 microns in MG08. Because of the smaller particle size, cloud ice generally has a smaller fall speed than snow (0.1 m s 21 for cloud ice and 1 m s 21 for snow, Figure 3 ). The abrupt change from cloud ice to snow in terms of density and fall speed induces a discontinuity between cloud ice and snow. In addition, this simplified approach cannot represent the complex ice particle properties within varying growth environments. Meanwhile, the physical properties of ice could be significantly changed when ice-phase particles collide with liquid particles [Avila et al, 2009] , but this change is totally neglected when fixed physical properties are assigned for the particles.
To overcome the limitation mentioned above, we adopted the approach of in SI, who proposed varying ice particle physical properties dependent on temperature and a diagnosed riming intensity (Ri). Ri is parameterized following Lin et al. 
Where LWC is liquid water content and IWC is ice water content. Ri is defined as the ratio between the rimed mass and the total mass. Therefore, Ri (in unit of fraction) is zero for pristine snow and becomes one for fully rimed graupel. In so doing, a wide spectrum of ice particles from pristine snow to partially rimed snow and graupel can be represented when Ri varies from 0 to 1. In the SI approach, Ri does not decrease downward from its maximum value in each grid column to prevent zero Ri when the rimed particles fall out of the cloud, and thus avoid conversion of rimed particles into snowflakes. Since riming is a one-way process, rimed particles like graupel would not change back to snowflakes as they sediment through a layer without cloud water. The diagnostic Ri does not track the evolution of ice particle properties as in Morrison and Milbrandt [2015] . Considering that ice particles have enough time to adjust to the environment during the relatively long-time steps (20 min), tracking ice particle property evolution might be less critical in GCMs.
In the SI approach, physical properties (area, mass, fall speed) of total ice are parameterized by the following A-D, M-D, and V-D relationships:
Unlike MG08, in which these power law parameters (a a ; a m ; a v ; b a ; b m and b v ) in the A-D, M-D, and V-D relationships are fixed, here they are related to environmental temperature and Ri in the SI approach (Table 1) . Previous studies found that ice habit and physical properties were influenced by different growth environmental condition and Ri [Heymsfield et al. 2007; . And thus environmental-dependent particle properties provide a more general and flexible framework for the description of ice particles. The V-D relationship is illustrated in Figure 2 (see the dependence of V-D relationship on Ri and temperature in Table 1 ). For small particles with a diameter smaller than 100 microns, the fall speed is largely independent of Ri, but it increases significantly with Ri for larger particles. For lightly rimed particles (Ri < 0.1), fall speed is generally smaller than 0.5 m s 21 , indicating characteristics of dry snow. Fall speed increases notably for heavily rimed particles, suggesting graupel-like characteristics. The V-D relationships for various Ri compared with that for cloud ice and snow in MG08 are shown in Figure 2b . Fall speed of cloud ice increases linearly with diameter in MG08. Due to the cutoff size (0.25 mm) of cloud ice in MG08, its fall speed is generally less than 0.2 m s 21 . Fall speed of large snow particles (>0.2 mm) in MG08 is larger than that of total ice in SI with zero Ri. But total ice with increased Ri (>0.2) possesses larger fall speed than snow in MG08. For example, particles with Ri of one (i.e., graupel) have a much larger fall speed than snow in MG08. Overall, this framework provides a flexible and physically based approach to represent the wide range of physical properties of the solid particles observed.
Particle-Size Distribution and Microphysical Process
The SI approach employs the exponential size distribution for total ice, which is represented as:
in which D is the diameter of ice particle, k is the slope parameter, and N 0 is the intercept parameter.
The total mass and number mixing ratios (in units of kg kg 21 and kg 21 , respectively) of total ice can be derived by the integration over the size distribution as:
Combining (3), (6), and (7), we obtain the expression for the slope parameter and the intercept parameter as:
Equations (8) and (9) indicate that k and N 0 contain the information of Ri of ice particles due to the dependence of a m and b m on Ri. In this way, the mass/number weighted fall speed for sedimentation and each ice To summarize, the single-ice approach has the following advantages: (1) a single category for cloud ice and snow is more physically based since there is no natural separation between the two; (2) uncertainties in the cloud ice to snow conversion parameterization are eliminated; (3) a prognostic approach takes into account the advection and temporal evolution of the total ice; (4) environmental condition-dependent ice properties provide a flexible and simplified representation of ice-phase particle characteristics; (5) a single category for all solid-phase particles is computationally efficient.
Experiment Design
In the SI approach as described above, only one ice category is employed. We included the shape and riming impacts on the ice particle physical properties following . As a result, the A-D, M-D, and V-D relationships change with the environmental conditions, i.e., temperature, liquid water content, and ice water content (Table 1 ). All microphysical processes involved with total ice are updated using the new physical properties (Table 1) instead of the fixed properties assumed in MG08. This experiment is designed to show that if a single ice category is used, it is important to diagnose the ice properties in a realistic manner.
For comparison, another approach using fixed total ice physical properties is tested. Because snow constitutes the majority of ice-phase particle mass in MG08, we simply apply the physical properties (i.e., spherical assumption with a density of 250 kg m 23 ) of the diagnosed snow in MG08 to total ice. This approach is named as single ice with fixed ice properties (SIFI) hereafter and aims to compare with the default MG08 and the SI approach using varying ice properties. Table 1 summarizes the major differences among MG08, SI, and SIFI. By combining cloud ice and snow into a single category, there is no longer a diagnostic treatment of snow in SI and SIFI.
In the global simulation part, two additional simulations, one using MG08 with a larger threshold size (400 microns, called MG_DCS400 hereafter) for cloud ice to snow autoconversion, and the other using SI but assuming a zero Ri (called SI_RI0 hereafter), were conducted. Results from these two simulations are presented later for the comparison with MG08 and SI.
Single Column Model Test and Evaluation
The single column atmosphere model (SCAM) provides an efficient and straightforward way to develop and evaluate new physics parameterizations Gettelman and Morrison, 2014] . Here we focused on the Tropical Warm Pool-International Cloud Experiment (TWP-ICE), which was undertaken from 20 January to 13 February 2006. The active monsoon (wet period) lasted from 19 January through 26 January, followed by a suppressed monsoon period until 3 February, and a monsoon break period [May et al., 2008] . Three SCAM simulations using MG08, SI, and SIFI were conducted from 18 January through 11 February (a total of 25 days). The model time step is 20 min with 30 vertical levels. The simulations are forced by the standard forcing data from Xie et al [2010] , which is derived from sounding measurements constrained by surface precipitation retrievals using an objective variational analysis method. Model temperature and specific humidity are relaxed to observed profiles with a 6 h time scale.
For model evaluation, we use cloud fraction from Xie et al. [2010] and cloud retrievals from Cloud Retrieval Ensemble Data (CRED) [Zhao et al., 2012] , which provides one product for LWC, and three products for IWC. LWC retrieval contains rain and drizzle. Therefore, it is larger than simulated LWC which only considers cloud droplets. Uncertainties for IWC retrievals are 3085% with the uncertainty for LWC not given [Zhao et al., 2012] .
The time-averaged total surface precipitation rates are similar among the three simulations and agree well with the observation, since the total precipitation is constrained by the large-scale forcing. However, the partition between large-scale and convection precipitation (large-scale/convection precipitation means the precipitation directly computed from the microphysical/convection scheme, respectively) differs among the three simulations. For example, SIFI produced 20% more large-scale
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precipitation than MG08 during the wet period (not shown). This results from the more efficient fallout of total ice in SIFI as illustrated later. Figure 3 illustrates the evolution of total IWC, cloud fraction, and mass-weighted ice fall speed during the entire TWP-ICE period for the three simulations. Overall, IWC and cloud fraction are similar among the three simulations with a few notable differences. First, ice extends below the freezing level down to 700 hPa in MG08 (Figure 3a) , and this is due to the diagnostic approach for snow in MG08. In contrast, no ice exists below 600 hPa in SI and SIFI. The observed melting layer extends to 600 hPa, and there is no observed ice below the melting level in the retrieval. SI is in better agreement with the retrieval regarding the position of ice occurrences. A stream of ice extending below 600 hPa in SI on 24 January is associated with a strong mesoscale convective system passage (Figures 3d and 3f ). This stream of ice is highly rimed (Ri 5 0.7) with large fall speeds (Figure 3f ). Second, SI has larger IWC than MG08, with SIFI having the smallest IWC, especially in the upper levels above 300 hPa. During the dry period (26 January to 22 February), more ice is Figures 3a, 3d, 3g , 3j stand for the freezing level.
retained in SI than in MG08 and SIFI. Consistent with this, high clouds become more frequent and thicker in SI than in MG08 and SIFI (Figures 3b, 3e , and 3h). The larger IWC in SI, especially during the dry period is in better agreement with the retrievals (Figure 3) . Such a distribution of ice and high clouds is closely related to the ice fall speed and sedimentation. The difference between SI and SIFI lies in the specific representation of ice particle physical properties. Above 200 hPa, the fall speed of ice is larger than 0.8 m s 21 in SIFI due to using the fall speed formulation for snow (Table 1) , but smaller than 0.2 m s 21 in SI (Figure 3 ). Larger fall speeds in SIFI increase sedimentation rate and eventually decrease ice content at upper levels ( Figure 3g ). Consequently, mean cloud top height is also lowered in SIFI compared with SI ( Figure 3h ). This is because SIFI uses fixed snow properties for all ice particles, resulting in an unrealistically large fall speed for ice above 200 hPa. In contrast, ice fall speed gradually increases downward as ice particles grow by aggregation and riming in SI (Figure 3f ). For example, fall speed is as large as 1.2 m s -1 in SI because of the significant riming (Figure 3f ) during the passage of the mesoscale convective system on 24 January. The fall speed of cloud ice is rather small in MG08 and most ice is converted to snow very quickly even at upper levels (not shown).
During the wet period, SI has more ice than MG08 above 550 hPa, but less ice below ( Figure 4c ) and compares better with retrievals. In contrast, there is less ice mass in SIFI than MG08 above 300 hPa. SI and SIFI have much more cloud water than MG08 below the freezing level (Figure 4b ). Consistent with the ice and liquid water content profiles, SI has larger cloud fraction than SIFI with the maximum differences peaking at 200 hPa (Figure 4a ). SI has larger cloud fraction above 700 hPa, but smaller cloud fraction below 700 hPa than MG08 (Figure 4a ).
To better understand the IWC difference between SI and MG08, dominant microphysical processes, including ice deposition and sublimation, cloud ice conversion to snow (only exists in MG08), ice sedimentation, melting, and ice collision with liquid particles, are investigated during the wet period ( Figure 5 ). Note that processes involving both cloud ice and snow in MG08 are combined for a fair comparison. The major differences between SI and MG08 are sedimentation and melting. Above 300 hPa, ice/snow deposition rate is slightly larger in MG08 than in SI, but most of the ice there is quickly converted to snow and falls out due to the large fall speed of snow in MG08 (Figure 5a ), resulting in a smaller IWC in MG08. In contrast, ice generation via depositional growth and accretion of liquid water above 600 hPa is mainly depleted via sedimentation followed by the melting to rain below the freezing level in SI and SIFI (Figures 5b and 5c ). The diagnostic treatment of snow results in an instantaneous melting of snow at 28C in MG08, resulting in a sharp change from snow to rain (Figure 5a ). Although instantaneous melting of snow is applied in MG08, snow can extend below the freezing level due to the diagnosed approach as discussed before. This also partly explains the larger snow sublimation rate extending to lower levels in MG08 (Figure 5a ). The prognostic approach for total ice is able to remedy this deficiency with ice melting extending to lower levels (Figures 5b and 5c) . Overall, the prognostic approach for total ice makes the microphysical processes more selfconsistent, in addition to advantages of reduced computational burden. Figure 4c indicates the standard deviation of three IWC retrievals.

Global Simulation Evaluation and Comparison
Global simulations were performed using CAM5 with the finite volume dynamic core [Neale et al., 2012] For the testing and comparison of global simulations, we start with an overall evaluation of mean climate state performance of the simulations followed by a focus on the improvement of cloud and its radiative impacts. Finally, simulation of mixed-phase clouds by the new approach is emphasized and described.
Overall Performance
Mean climate from the three simulations with available observational estimates are summarized in Table 2 . The global annual mean precipitation decreased from 3.05 mm d 21 in MG08 to 3.01 mm d 21 in SI. This reduction is prominent over the storm track regions, where most precipitation is from the microphysics scheme (Figure 6c ). In the deep tropics, SI produced more precipitation over western north Pacific and Indian subcontinent, but less precipitation in the tropical Indian Ocean and eastern Pacific than MG08 (Figure 6c ). This to some degree ameliorates the underestimated rainfall over Indian subcontinent and overestimated precipitation over the western tropical Indian Ocean and eastern Pacific seen in MG08 (Figure 6b ). For example, RMSE of precipitation is slightly reduced from 1.18 mm d 21 in MG08 to 1.17 mm d 21 in SI Figure 5 . Vertical profiles of primary microphysical processes and sedimentation rates for ice particles averaged over the wet period using (a) MG08, (b) SI, and (c) SIFI scheme. Note that processes involving cloud ice and snow are combined in MG08, and the autoconversion of cloud ice to snow only exists in MG08. The sedimentation term of snow, which is treated diagnostically in MG08, is not shown.
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( Table 2 ). In contrast, global annual mean precipitation is as large as 3.14 mm d 21 in SIFI with RMSE increased to 1.30 mm d
21
. The increased precipitation in SIFI is mainly from the precipitation increase over most parts of the tropics except some decrease north of the maritime continent (Figure 6d ).
A Taylor plot (Figure 7) shows the correlation and standard deviation with observations of temporal and spatial variability for nine variables. Most variables are slightly improved in SI compared to MG08, especially 
Cloud and Radiation Improvement
As indicated in Figure 8 , both total and high cloud fractions are increased in SI and close to observational estimates, especially over the tropics. Note that these cloud fractions are not from the COSP simulator since the current version we used does not provide high cloud fraction output yet. For example, global mean total cloud fraction is 67.6% in SI (Table 2) , which is close to the CloudSat estimate (66.8%). In contrast, both total and high cloud decrease in SIFI and are smaller than MG08. Again, this is consistent with the SCAM results, which show reduced high clouds in SIFI than in SI due to the large ice fall speed in SIFI. All simulations overestimate clouds over the polar regions (Figure 8 ), but note that large uncertainties exist in satellite estimates of clouds over the high latitude region.
Global annual mean liquid water path (LWP) over ocean increased from 52.2 g m 22 in MG08 to 63.3 g m 22 in SI, which is much closer to NVAP estimate of 78.9 g m 22 ( Table 2 ). The increase of LWP is mainly located over the midlatitude storm track regions dominated by large-scale precipitation, with much smaller increase over the tropics (Figure 8g ). Cloud water also increased in the midlower troposphere over the midlatitudes with negligible changes over the tropics in SI and SIFI (Figures 8 and 9 ). In contrast, rain water slightly decreased over the globe in SI and SIFI (Figure 9 ).
Ice water path (IWP) also increased in SI (88.8 g m
22
) relative to MG08 (69.6 g m
), but decreased in SIFI (56.3 g m 22 ) ( Table 2 ). This is consistent with the zonal mean IWP and IWC distributions (Figures 8 and 9 ). All three simulations share similar distributions of IWC, with large values over the midlatitude storm tracks and the tropical upper troposphere around 400 hPa (Figure 9 ). IWC is largest in SI, followed by MG08 and SIFI (Figure 9 ). Most ice mass is located over the midlatitude storm track regions, with the maximum value exceeding 60 mg m 23 between 800 and 950 hPa over the SH storm track in SI (Figure 9g ). Note that CloudSat IWC in the lower troposphere over the storm track regions tends to be underestimated [Waliser et al., 2009] . Another maximum of ice amount is in the upper troposphere (400 hPa) over the tropics with a value up to 15, 8, and 20 mg m 23 north of the equator in SI, MG08, and CloudSat retrievals. This is mostly related to the detrainment from deep convection. Overall, the increased IWC in SI agrees better with the CloudSat estimates, especially over the tropics. Previous study found that current GCMs tend to underestimate IWC over the tropics [Lin et al., 2013] .
Ice number concentration is about 35 and 20 L 21 in MG08 and SI/SIFI (Figure 9 ). The significantly reduced ice number concentration and increased IWC in SI imply that mean ice size increases in SI. This is expected Figure 7 . Taylor diagrams for SWCF, LWCF, precipitation, high cloud fraction, total cloud fraction, Pacific surface wind stress, zonal wind (300 hPa), relative humidity, and temperature (pressure-thickness weighted between 0 and 1100 hPa) using MG08 (blue dot) and SI scheme (magenta dot). The radial coordinate indicates the standard deviation normalized by observations, and the angular coordinate shows the correspondent correlations with observations. 
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ZHAO ET AL. SINGLE ICE APPROACH IN MICROPHYSICSsince the ice in SI/SIFI represents both cloud ice and snow, and the aggregation process influences the number concentration of total ice in SI, instead of only snow in MG08. Another notable feature is the reduced altitude of ice clouds in SIFI compared to SI, attributable to the much larger fall speed of total ice in SIFI than SI in the upper troposphere (as discussed in section 3).
Ri is a good indicator of the presence of mixed-phase clouds. Figure 10 shows the annual zonal mean Ri overlaid with total ice and liquid water content. As expected, Ri is large over the storm tracks in the midlatitudes, but the values are rather small (generally less than 0.1). Ri is fairly small over the tropics likely because strong updrafts containing supercooled liquid water are mostly parameterized by convection schemes due to the coarse model resolution. Overall, compared with mesoscale model simulations , Ri tends to be underestimated in GCM simulations due to the coarse model resolution and relatively weak vertical motion and liquid water production. Future work will include the subgrid-scale variation of Ri.
Along with the large variations in cloud fraction and condensate, cloud radiative forcing also changes substantially in SI and SIFI compared with MG08. One remarkable improvement in SI is the widespread increase of LWCF at midlatitudes in both hemispheres (Figure 8e Another improvement of LWCF in SI is over the tropics. Compared with CERES-EBAF, LWCF in MG08 is overestimated over Africa, western tropical Indian Ocean, and eastern tropical Pacific Ocean, but underestimated northeast of the maritime continent and in the SPCZ (Figure 11b ). These biases are partially reduced in SI (Figure 11c ). For instance, compared with MG08, LWCF increased over western tropical Pacific Ocean, but decreased in eastern tropical Pacific Ocean in SI. Note that LWCF decreased significantly over the globe in SIFI and became smaller than MG08 (Figure 11d ). Widespread reduced LWCF in SIFI results from reduced IWC and high cloud fraction (Figure 8 ), which is mainly ascribed to the relatively large fall speed of ice particles, especially at upper levels (>0.8 m s
21
, Figure 3 ) in SIFI. The threshold size for ice to snow autoconversion (Dcs) in MG08 has been found to strongly impact cloud radiative forcing [Eidhammer et al., 2014] . Dcs is not needed for the unified treatment of ice. With Dcs increased to 400 microns, LWCF increased, especially over the tropics due to the increased cloud ice and high clouds (Figure 11e) . However, the relatively spatially uniform increase of LWCF does not help much in reducing the LWCF bias in MG08. The simulation using zero Ri shows very similar LWCF as SI (Figure 11f ). This is because Ri is very small in the upper troposphere ( Figure 10 ) and thus its impact on the ice fall speed as well as LWCF is negligible. Similarly, IWP increases slightly in SI_RI0 than SI (Table 2) .
What factors contribute to the improved LWCF in SI? Increased LWCF over the midlatitudes is mainly caused by the increase of high cloud amount and IWC in SI (Figures 8c and 8h) . In contrast, the LWCF change over the tropics is largely related to the change of cloud top height. Correlation between changes of LWCF and cloud top pressure between MG08 and SI is 20.86 over the tropics (108S-108N) . For example, compared with MG08, mean cloud top increases over the western tropical Pacific Ocean, but decreases over the Figure 12 , which shows the meridional mean distributions of cloud water and ice mass over a tropical band (108S-108N) . Ice amount increased over the whole tropics and became close to CloudSat in SI, especially above 400 hPa, with more liquid water extending above the freezing level. This suggests more mixed-phase clouds are produced over the tropics in SI. 
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One striking feature to note in Figure 12 is the significantly increased ice amount over the western tropical Pacific Ocean in SI. This is consistent with the enhanced upward motion over this region and enhanced subsidence over the equatorial eastern Pacific Ocean (not shown). Such changes of cloud top height over the tropical Pacific Ocean are consistent with an enhanced Walker Circulation (Figures 6 and 11) . The enhanced Walker Circulation is also accompanied by an increased magnitude of trade winds over the tropical Pacific Ocean as mentioned before.
Global annual mean shortwave cloud forcing (SWCF) is 249.6, 254.3, and 247.2 W m 22 , for SI, MG08, and CERES-EBAF, respectively (Table 2) . SWCF in SI is closer to CERES-EBAF and the reduction of SWCF is probably due to the increased ice particle and cloud droplet size. Reduced SWCF increases TOA shortwave absorption from 236. (Table 2 ). However, both SWCF and LWCF in SIFI are further away from the CERES-EBAF estimates. Similar to previous study [Eidhammer et al., 2014] , the change of Dcs strongly impacts the model clouds and radiation (Table 2) , larger Dcs results in larger IWC in MG_DCS400 simulation result, and the increased IWC eventually leads to larger LWCF and smaller OLR. However, the improvement of LWCF in SI cannot be achieved by simply tuning the Dcs in MG08, suggesting the importance of realistic representation of ice particle properties in SI.
Mixed-Phase Cloud Simulation
Realistic representation of mixed-phase clouds in GCMs is critical to the planetary energy budget and equilibrium climate sensitivity [Tan et al., 2016] . Previous studies found that the liquid water fraction in mixedphase clouds was generally underestimated in most current climate models [Komurcu et al., 2014; Cesana et al., 2015] . We calculated the phase ratio within different temperature intervals (every 3 K) using daily outputs in MG08 and SI to compare with the observed estimates [Cesana et al., 2015] . Figure 13 shows the 
Journal of Advances in Modeling Earth Systems 10.1002/2017MS000952
cloud occurrence frequency as a function of ice phase ratio (PR, defined as ice mass divided by the total condensate mass) and temperature. In general, PR increases with decreasing temperatures. For example, PR increases almost linearly with decreasing temperatures until 29 and 268C for SI and MG08, respectively. After that, PR gradually increases and clouds are almost totally glaciated (PR>0.9) below 215 and 2208C for SI and MG08, respectively. In contrast, PR becomes greater than 90% only for temperatures below 2358C in the observational estimates (Figure 13d ). This indicates mixed-phase clouds can exist at low temperatures in reality. Similar to several GCMs evaluated in Cesana et al. [2015] , supercooled liquid water is depleted too fast in MG08 and SI when temperature is low. As a result, the occurrence frequency of mixedphase clouds is underestimated in both MG08 and SI, especially at lower temperatures. Liquid fraction in mixed-phase clouds is larger in SI for temperature above 2128C (Figure 13 ). This compares slightly better with the retrievals. But at temperatures below 2128C, SI tends to be more glaciated than MG08. As noted above, significant amounts of snow exist above 08C in MG08 and induces large PR at temperatures above 08C (Figure 13a ). This is related to the diagnostic treatment of snow in MG08, which causes large amounts of snow below the freezing level (see also Figures 3 and 4) . Overall, cloud phase simulation in both MG08 and SI needs further improvement, for example, to increase the supercooled liquid water content. There are several potential reasons for this and one of them is the parameterization of Wegener-Bergeron-Findeisen (WBF) process in the model. In MG08, ice initially grows at the expense of existing liquid water via WBF process in mixed-phase clouds. WBF growth in mixed-phase clouds in MG08 is parameterized as: Figure 13 . The global frequency of occurrences (%) of cloud phase ratio (PR, %; y axis), relative to the total number of cloud events occurring between 2458C and 38C, against temperature (8C; x axis) from (a) MG08, (b) SI, (c) SI_DEP, and (d) CALIPSO-GOCCP. This figure has been made by accumulating 1 year of daily outputs into 38C temperature bins and 10% PR bins, all over the globe. The solid red line shows the relationship (annual mean) between temperature and cloud phase ratio. (10) in which C p 511
Ls Cp dqvi dT , is the psychrometric correction due to latent heat of deposition, L s is the latent heat of sublimation, C p is the specific heat for dry air, T is temperature, and q vl , q vi is water vapor saturation mixing ratio with respect to liquid and ice; s is the supersaturation relaxation timescale associated with ice deposition, which is a function of the diffusivity of water vapor and mean ice crystal size as the following:
in which snow and cloud ice was assumed to be spherical particles and no ventilation effect on depositional growth is considered. In SI, total ice is no longer spherical particles and thus the particle capacitance is generally smaller than that for spherical particles. Considering this and including the ventilation factor [following Lin and Colle, 2011], we modified s as:
where N 0 , k are the intercept and slope parameters of total ice particle-size distribution, respectively. D v is the diffusivity of water vapor, q a is the density of air, and S c is the Schmidt number. This formula considers the reduced capacitance of nonspherical ice particles and the ventilation factor. As a result, the new WBF process parameterization is slightly less efficient. Another simulation with this modification does show slightly improved mixed-phase cloud occurrences, especially at low temperatures (Figure 13c ). However, supercooled water is still underestimated as compared with observational estimates.
Conclusions
A single ice approach, merging cloud ice and snow into a single prognostic category (total ice) with environmentally dependent physical properties, is proposed. Without adding extra prognostic variables, the approach is able to remedy some inherent shortcomings associated with the diagnosed snow, such as the sedimentation and horizontal advection. Our approach is different form the approach of Morrison and Milbrandt [2015] in several aspects. First, Morrison and Milbrandt [2015] used four prognostic variables for ice (total mass, number, rime mass, and rime volume), while our approach only used two. Second, they prognosed the rimed mass directly, while we diagnosed the riming intensity. Third, lookup tables were necessary because the M-D relationship varied across different size ranges in their method. Compared with Eidhammer et al. [2017] , the introduction of environmentally dependent physical properties of total ice, especially the consideration of riming impacts, improves the flexibility of the approach. In particular, the approach can be further modified and improved to become suitable for future higher-resolution GCMs.
The approach is implemented in CAM5 and tested using both single column and AMIP simulations. The SCAM evaluation shows that, although the single-ice scheme has only one ice category, it is able to represent the complex physical properties of cloud ice and snow. Compared with MG08, SI has more IWC above 500 hPa but lower IWC below 500 hPa. The vertical distribution of IWC is highly impacted by the sedimentation process, which is the major sink term for ice above 600 hPa, and a source term below 600 hPa. Compared with the sensitivity test using fixed ice particle properties, SI has the flexibility to capture different ice properties during different synoptic environments due to its usage of environmental condition-dependent properties. As a result, it significantly influences the ice terminal velocity and sedimentation process as well as cloud fraction at upper levels.
At global scales, several aspects of the mean climate state are improved with the implementation of the single-ice approach. Compared to MG08, the global annual-mean total precipitation (3.01 mm d 21 ) is smaller in SI, while the precipitation from the microphysics scheme is slightly increased. SI achieves a better performance in cloud and radiation quantities. The total and high cloud fractions are improved in SI, while LWP in SI is in a better agreement with NAVP estimate. IWC and IWP in SI also compare better with CloudSat retrievals. The riming intensity of ice particle reaches its maximum in the midlatitude storm track regions, especially over the Southern Ocean. One remarkable improvement in SI is the widespread increase of LWCF at midlatitudes and a more realistic spatial distribution of LWCF over the tropics.
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Although merging cloud ice and snow is a viable approach as shown in this study, further refinements are needed in the future. For example, we did not track the evolution of ice particle properties, such as rimed mass fraction and particle density. Note that tracking ice particle property evolution might be less critical in GCMs because particles have enough time to adjust to the environment during the relatively long time steps (20 min) in current climate models. Tracking the evolution of ice particle properties will become necessary with increased model resolution in the future. In addition, cloud microphysics is an integral part of the cloud and precipitation processes in GCMs. Its impacts strongly rely on its interaction and connection with other model components, such as cloud macrophysics, deep and shallow convection, and boundary layer turbulence. Future investigations will focus on a more unified approach for the moist processes in GCMs.
